An extensive spectroscopic study on ξ Boo A (chromospherically active solar-type star) was conducted based on the spectra obtained in 2008 December though 2010 May, with an aim to detect any spectrum variability and to understand its physical origin. For each spectrum, the atmospheric parameters were spectroscopically determined based on Fe lines, and the equivalent widths (along with the line-broadening parameters) of selected 99 lines were measured. We could detect meaningful small fluctuations in the equivalent widths of medium-strength lines. This variation was found to correlate with the effective temperature (T eff ) consistently with the T -sensitivity of each line, which indicates that the difference in the mean temperature averaged over the disk of inhomogeneous condition is mainly responsible for this variability. It was also found that the macrobroadening widths of medium-strength lines and the equivalent widths dispersion of saturated lines tend to increase with the effective Landé factor, suggesting an influence of magnetic field. Our power spectrum analysis applied to the time-sequence data of V i/Fe ii line-strength ratio and T eff could not confirm the 6.4 d period reported by previous studies. We suspect that surface inhomogeneities of ξ Boo A at the time of our observations were not so much simple (such as single star patch) as rather complex (e.g., intricate aggregate of spots and faculae).
Introduction
The solar-type star ξ Boo A (= HR 5544 = HD 131156A; V = 4.68 mag, G7 Ve), the primary star of the visual binary system (151 yr period) in companion with ξ Boo B (V = 6.82 mag; K5 Ve), has attracted interest of stellar astrophysicists because of its especially high activity, which is manifested by strong chromospheric emissions in its spectrum. While a number of investigations have been published so far regarding this star, it was not until Toner and Gray's (1988) pioneering paper that a comprehensive study was tried toward clarifying the nature of inhomogeneous surface structure. The conclusions of their spectral line-profile analysis based on long-term monitoring observations in 1984-1987 (e.g ., a large star patch covering ∼ 10% of the disk which causes the rotational modulation with a period of 6.43 d, the patch being cooler by ∼ 200 K with larger velocity dispersion than the surrounding though appreciable sign of magnetic field is not seen, no significant changes were observed over the 4-year period, etc.) were somewhat surprising because of the considerable difference as compared to the solar case. Toner and LaBonte (1991) then proposed another explanation invoking Evershed flow in the penumbra of star patch (instead of the increase in the velocity dispersion). Gray et al. (1996) further investigated the correlation between the long-term variation of stellar activity during the 1984-1993 period (based on Ca ii HK line core emission) and the properties of star patch, and found a phase delay by ∼ 1.5-2 years between them.
Meanwhile, notable progress regarding the nature of magnetic fields in ξ Boo A has been made in this century. Although its detection was first reported by Robinson, Worden, and Harvey's (1980) early observation with Zeeman analyzer, the recent results were derived with the help of the more efficient instrument along with the modern reduction technique: Petit et al. (2005) discussed the geometry of large-scale magnetic field based on their spectropolarimetric observations over 40 nights in 2003. Morgenthaler et al. (2012) analyzed 76 spectra observed in 2007-2011 by spectropolarimeter, and investigated the long-term temporal evolution of the magnetic field as well as its relation to activity indicators. Very recently, Cotton et al. (2019) confirmed the existence of rotationally modulated polarization (with the rotation period of 6.4 d derived by Toner and Gray 1988) . They discussed the structure of magnetic field based on their contemporaneous observations of high-precision broad-band linear polarimetry and circular spectropolarimetry in the 2017 season, Although these up-to-date polarimetric observations have deepened our understanding on the magnetic properties of ξ Boo A, we note that conventional variability studies of spectral line strengths/profiles of this star, such as conducted by Toner and Gray (1988) almost 3 decades [Vol. , ago, seem to have barely been done since then. As individual lines have different sensitivities to changes in the physical condition (e.g., temperature), we may be able to get useful information by carefully examining the variations of diverse spectral lines together. Conveniently, a sufficient number of high-dispersion spectra of ξ Boo A are at our disposal, which were obtained by observations covering ∼ 80 nights in the period of 2008 winter through 2010 spring (including intensive observations of ∼ 1 week, where an iodine cell was also used for radial velocity analysis). Given this situation, we decided to make use of these data to study the nature of possible activity/inhomogeneity-related spectral variabilities, while examining the strengths/widths of many lines of different properties measured for each of the time-series spectra.
The points of interest upon which we wanted to check are as follows:
• Do the atmospheric parameters spectroscopically determined based on Fe lines, which should represent the mean values averaged over inhomogeneous stellar disk, show notable variations? • Do the indicators of chromospheric activity (such as the core emission of strong Ca ii line or He i 5876 line) show appreciable time variability? • What kind of results are obtained by precise radial velocity analysis? Is any significant trend observed? • Can we detect meaningful variations in spectral line strength/widths under inevitable influence of measurement noise? If so, are there any relations between these observables and relevant atmospheric parameters? • What about the influence of magnetic field on the spectrum? Is it possible to find any dependence upon the effective Landé factor in the width/strength of spectral lines? • Can we confirm the rotational modulation of spectrum variability corresponding to the rotation period of 6.4 d reported by previous studies?
The remainder of this article is organized as follows: We first explain our observational data in section 2 and spectroscopic determinations of atmospheric parameters in section 3. Section 4 addresses the analysis of radial velocity variations applied to the spectra obtained with I 2 cell. In section 5 are described our procedures of measuring broadening widths as well as equivalent widths of spectral lines, which are applied to selected 99 lines. The results of our analysis (especially in terms of the temperature sensitivity and the effect of magnetic field) are discussed in section 6, where the detectability of rotational modulation is also mentioned based on our power spectrum analysis. The conclusions are summarized in section 7.
Observational data

Observations with GAO/GAOES
The main spectroscopic observations of ξ Boo A were carried out on 49 nights from 2008 December through 2010 March with GAOES (Gunma Astronomical Observatory Echelle Spectrograph) installed at the Nasmyth Focus of the 1.5 m reflector of Gunma Astronomical Observatory. Setting the slit width at 1 ′′ , we could obtain spectra with a resolving power of R ∼ 70000. In a night, we tried to make observations in two wavelength regions as much as possible, 4940-6810Å (33 orders, g-region) and 7550-9400Å(16 orders, i-region), though the priority is on the former. As a result, while g-region spectra could be obtained for all the 49 nights, i-region spectra were eventually available only for 37 (out of 49) nights. The journal of GAO/GAOES observations is summarized in table 1 and also illustrated in figure 1a. Besides, we made special violet-blue region (3650-4830Å) observations on two nights of 2009 December 11 and 2010 January 6 (not included in table 1 or figure 1a), which are only for the purpose of checking the core emission feature of Ca ii H+K lines.
Observations with OAO/HIDES
In addition, we also conducted intensive observations on 8 nights in 2010 April (27, 29, 30) and May (1, 2, 3, 4, 5) by using the 188 cm reflector along with HIDES (HIgh Dispersion Echelle Spectrograph) at Okayama Astrophysical Observatory. By using the slit of 200 µm width, we could obtain spectra with a resolving power of R ∼ 70000. The resulting spectra turned out to cover the wavelength range of 5000-8800Å (i.e., 5030-6260, 6300-7540, and 7600-8810Å by using three mosaicked CCDs). The observations in a night were done in three time zones (a: early night, b: mid-night, and c: late night) separated with an interval of 3-4 hours. Besides, two kinds of observations were done in each zone: (i) normal observation and (ii) observation while placing an iodine cell in front of the entrance slit (in order to imprint I 2 molecular lines used for precise radial velocity analysis). As a result of 22 observing opportunities (1 + 3×7; because on April 27 was observed only 1 time zone c), 44 (=22×2) spectra were obtained in total. Table 2 gives the journal of these OAO/HIDES observations, which is also graphically depicted in figure 1b.
Data reduction
The reduction (bias subtraction, flat-fielding, aperturedetermination, scattered-light subtraction, spectrum extraction, wavelength calibration, and continuumnormalization) of all the raw spectral data was performed by using the echelle package of IRAF. 1 As presented in tables 1 and 2, the mean S/N ratios of the resulting spectra widely differ from case to case (∼ 50-350) but 1 IRAF is distributed by the National Optical Astronomy Observatories, which is operated by the Association of Universities for Research in Astronomy, Inc., under cooperative agreement with the National Science Foundation.
are typically ∼ 100-200 on the average. There is a tendency that S/N ratio in the near-IR region (i-region) is lower than the green-yellow region (g-region) because of the lower sensitivity for the former (cf. table 1). Besides, S/N ratios of the spectra obtained with I 2 cell tend to be comparatively deteriorated due to the loss of light by the cell.
Activity-sensitive lines
As we are interested in examining whether lines sensitive to chromospheric activity show any appreciable variability, we paid attention to the features of three lines (He i 5876, Ca ii 8542, and Ca ii 3934) in our spectra. Since the He i 5876 line is located in the spectral region contaminated by telluric water vapor lines, we removed these telluric lines (using the IRAF task telluric) by dividing the spectra of relevant region by that of Regulus, which is a very rapid rotator (v e sin i ≃ 300 km s −1 ) and thus the spectral lines of stellar origin are almost smeared out. This process turned out reasonably satisfactory in most cases, though slight residuals occasionally remained unremoved, which appear as noises or continuum fluctuations on the order of a few per cent. The spectra in the neiborhood of these lines are overplotted in figure 2b,b ′ (He i 5876), figure 2c,c ′ (Ca ii 8542), and figure 2d (Ca ii 3934), where the reference solar spectra are also depicted for comparison. We can see from these figures that, although these lines show signs of conspicuously high chromospheric activity of ξ Boo A compared to the Sun (i.e., stronger He i 5876 absorption and higher Ca ii 8542/3934 core emission), appreciable time variations are not recognized.
Spectroscopic determination of atmospheric parameters
Absolute parameter determination
The atmospheric parameters [T eff (effective temperature), log g (logarithmic surface gravity), v t (microturbulence), and [Fe/H] (logarithmic Fe abundance relative to the Sun; often denoted as "metallicity") were spectroscopically determined by using Fe i and Fe ii lines in the same way as done by Takeda et al. (2005;  see subsection 3.1 therein). The equivalent widths of these Fe lines were measured in the conventional manner by applying the Gaussian-fitting method. 2 In order to achieve consistency between the results obtained by spectra of different observatories, only lines in the 5030-6800Å region (i.e., common to the OAO/HIDES spectra and g-region of GAO/GAOES spectra) were employed, and we restricted to using only lines not stronger than 100 mÅ as in Takeda et al. (2005) . In the online material are presented the measured equivalent widths along with the corresponding Fe abundances (tableE1.dat) and the resulting parameters 2 Specifying the relevant wavelength range [λ 1 , λ 2 ] and the continuum level (fcont), we determined such a Gaussian function that best fits the line profile (f λ ) by applying the non-linear leastsquares fitting algorithm where three parameters (peak value, e-foldig width, and wavelength shift) were adjusted.
(T eff , log g, v t , and [Fe/H]) (tableE2.dat) for each of the 71 (= 49 GAO + 22 OAO) spectra. The typical statistical errors (see subsection 5.2 of Takeda et al. 2002) involved with these solutions are ∼ 10 K, ∼ 0.03 dex, ∼ 0.1 km s −1 , and ∼ 0.02 dex, respectively. The distribution histograms of these absolute parameters are presented in figure 3 . Given that these results show more or less spreads, it is convenient to assign "standard" parameters 3 of ξ Boo A for reference, for which we take (5527 K, 4.60, 1.10 km s −1 , and −0.13 dex) derived by Takeda et al. (2005) , as indicated by downward arrows in figure 3.
Differential parameter determination
Next, we further established the differential parameters (∆T eff , ∆ log g, ∆v t , and ∆[Fe/H]) relative to the fiducial values (for which we took those corresponding to the first observation for each observatory; i.e., 20081210g for GAO/GAOES and 0427c for OAO/HIDES) by applying the method of purely differential analysis developed by Takeda (2005) , as given in tableE2.dat. While such determined differential parameters should be comparatively more precise than the absolute parameters, we can see that they (∆p) are reasonably correlated with the simple difference of absolute parameters (p − p 0 ; where fiducial values are denoted by superscript '0'), as demonstrated in figure 4 .
Precision analysis of radial velocity variation
Since the spectra observed with I 2 cell were obtained along with the normal spectra in each of the time zones for the case of OAO/HIDES observations, we made use of them to precisely evaluate the radial velocity variations relative to the fiducial first I 2 spectrum (0427i2c) while following the procedure described in section 4 of Takeda et al. (2002) (cf. equations (10)-(12) therein), where we employed "0427c" as the template "pure star" spectrum. Only the spectral range of 5030-6230Å was used, where I 2 molecular lines are appreciably observed in absorption. The results of analysis are summarized in tableE3.dat of the online material. The differential heliocentric radial velocities relative to 0427i2c (typical probable errors being several to < ∼ 10 m s −1 ) are plotted against the observed time in figure 5 (panel a), where the runs of ∆T eff (panel b) and mean S/N ratio (panel c) are also shown.
It can be seen from figure 5a that the dispersion of radial velocity variations is ∼ ±50 m s −1 with a broad dip around HJD 2455321-2455322 (0503i2a-0504i2c). Regarding the outlier point at HJD 2455319.3 (0502i2c), we do not have much confidence about its credibility, because the relevant spectrum is of the lowest S/N ratio (∼ 60) and the probable error is accordingly larger (15 m s −1 ). As such, it may be premature to mention the existence of any correlation between the radial velocity and ∆T eff from these figures 3 We defined these representative parameters rather arbitrarily, based on which the standard model atmosphere used for computing F 0 (λ) was constructed (cf. subsection 5.2). They do not have any other special meaning (such as the mean parameters averaged over the phases). [Vol. , alone.
Measurement of spectral lines
Target lines
As to the lines to be analyzed, we adopted 99 lines (satisfying the criterion of not seriously blended with other stellar lines or telluric lines) selected from two wavelength regions.
The first is the orange region of 6000-6260Å, which is known to contain a number of high-quality lines used for line profile studies (e.g., Toner & Gray 1988) . By consulting Takeda and UeNo's (2019) line list, we selected 55 lines from this region, which are mostly due to neutral species (Na i,
The second is the near-IR region (7560-8920Å). This is because we wanted to study the Zeeman effect of magnetic field, for which using lines of longer wavelength is more advantageous. By comparing the theoretical synthesized spectrum (computed by using the standard model atmosphere defined in subsection 3.1 along with the atomic line data compiled by Kurucz & Bell 1995) with the observed spectrum, suitable lines were sorted out, which we intentionally restricted to Fe i lines. The only exception was the O i 7774 line (middle line of the triplet), which was specially included. As a result, 44 lines were chosen from this near-IR region.
The list of these 99 lines is given in table 3, where the relevant atomic data are also presented. Note that near-IR lines at 7568-7586Å or 8824-8920Å could not be measured for the case of OAO/HIDES spectra because they fall outside of the CCD format.
Method of analysis
Regarding the measurement of physical quantities (equivalent widths, line broadening widths) of these spectral lines, our adopted method is based on the fitting of observed spectrum with a theoretically modeled profile, as recently done by Takeda and UeNo (2019) for their intensity spectrum analysis on the solar disk. The modeling of line-profile is almost the same as described in section 3 of that paper, except that flux (i.e., angle-averaged specific intensities) is involved in this case. The observed flux profile F (v) 4 is expressed as
where '⊗' means "convolution." Here, F 0 (v) is the unbroadend emergent flux profile at the surface, which is written by the formal solution of radiative transfer as
where S λ is the source function, t λ is the optical depth in the vertical direction, and E 2 is the exponential integral function of 2nd order (see, e.g., Gray 2005) .
In equations (1) and (3), the profile point is specified by v (velocity variable) for simplicity instead of λ (wavelength).
is the Gaussian macrobroadening function with e-folding half-width of
As for the calculation of F 0 (λ), we adopted Kurucz's (1993) ATLAS9 model atmosphere corresponding to the standard parameters of ξ Boo A (T eff = 5527 K, log g = 4.60, [Fe/H] = −0.13) with a microturbulent velocity of ξ = 1.1 km s −1 (cf. subsection 3.1) while assuming LTE. We adopted the algorithm described in Takeda (1995) to search for the best-fit theoretical profile, while varying three parameters [log ǫ (elemental abundance), v M (macrobroadenig width), and ∆λ r (wavelength shift)] for this purpose. As to the atomic parameters of each spectral line (gf values, damping constants), we exclusively adopted the values presented in Kurucz and Bell's (1995) compilation. The background opacities were included as fixed by assuming the scaled solar abundances according to the metallicity.
After the solution has been converged, we can use the resulting abundance solution (log ǫ) to compute the corresponding equivalent width (W ) with the help of Kurucz's (1993) WIDTH9 program:
and integration is done over the line profile.
Results
In order to check the reliability of this procedure, we measured the equivalent widths of these 99 lines on the representative GAOES spectra (20081210g, 20081219i) by using the conventional Gaussian-fitting method and compared them with those derived by the approach of modeled-profile fitting adopted in this study. This comparison is illustrated in figure 6, where we can confirm a reasonable consistency.
The resulting values of W and v M measured for each line on each spectrum are presented in tableE4.dat of the online material. In figure 7 are plotted the runs of logW and log v M against the observed dates for selected 5 representative Fe i lines of different strengths (W ∼ 12-171 mÅ). The mean values ( logW , v M ) averaged over each of the spectra and their standard deviations are given in table 3 for all of the 99 lines.
5
Note that v M is expressed by the root-sum-square of three broadening widths:
; c is the velocity of light, and R is the spectral resolving power), (ii) rotational broadening (vrt), and (iii) macroturbulence broadening (vmt) as v 2 M = v 2 ip + v 2 rt + v 2 mt . See subsubsection 4.2.1 and footnote 12 of Takeda, Sato, and Murata (2008) or Appendix 3 of Takeda and UeNo (2017) for more details.
Discussions
Detectability of line-strength variation
Having taken a glance at the results obtained in section 5, we realized that spectral variabilities are so small that they are not necessarily easy to detect. Especially, since variability signals in equivalent widths can be obscured by random noises depending upon the line strengths, it is worthwhile to examine the detectability of W variation under the influence of measurement errors.
The uncertainties in the equivalent width (δW ) due to random noises can be estimated by invoking the relation derived by Cayrel (1988) ,
where δx is the pixel size (≃ 0.03Å for the case of our observation), w is the width of a line (for which we may roughly set ∼ 0.2Å for ξ Boo A), and ǫ ≡ (S/N) −1 . Accordingly, the error in log W can be written as
which indicates that δ log W progressively increases with a decrease in W . The σ log W values (standard deviations) computed for each of the 99 lines are plotted against the corresponding log W (mean equivalent widths) in figure 8a, where the predicted relations based on equations (5) and (6) are also shown by dashed lines for four S/N values (50, 100, 200, and 400) . This figure suggests that the observed behavior of σ log W is similar to the expected trend due to random noises especially at logW < ∼ 1.5, which means that extracting useful information is difficult from such weak lines. However, considering that the typical S/N ratios of our spectra are ∼ 100-200, we recognize that a significant fraction of the σ log W values are above the noise-limited relation for lines of medium-to-large strengths (logW > ∼ 1.5). Accordingly, we may regard that the dispersion of log W shown by such stronger lines are real, which should have stemmed from actual stellar variability.
Temperature sensitivity
Now that fluctuations of logW exhibited by moderatelystrong and strong lines are considered to be real, the next task is to trace down their physical cause. We may expect that the important parameter affecting the line strengths would be T (temperature), as the diversified trends of solar center-limb variation in W are essentially determined by the sensitivity to T differing from line to line (cf. Takeda & UeNo 2019). As done by Takeda and UeNo (2019), we evaluated the T -sensitivity indicator K(≡ d log W/d log T ) as follows:
where W +100 and W −100 are the equivalent widths computed (with the same log ǫ solution reproducing the observed equivalent width W ) by two model atmospheres with only T eff being perturbed by +100 K (T eff = 5427 K) and −100 K (T eff = 5627 K), respectively (while other parameters are kept the same as the standard values; cf. subsection 3.1). The resulting K for each line is presented in table 3. The behavior of K is distinctly different depending on whether the considered species is of minor population (K < 0) or major population (K > 0) as briefly summarized below (see Takeda & UeNo 2019 for more details):
• In the weak-line case, K follows the analytical relations of K minor ≃ −11604(χ ion − χ low )/T (minor population) and K major ≃ +11604χ low /T (major population), where χ ion (ionization potential) and χ low (lower excitation potential) are in unit of eV and T is in K. • As lines get stronger and more saturated, K tends to become progressively smaller than that given by these analytical relations; i.e., stronger lines tend to show smaller T -sensitivity compared to weaker lines at the same potential energy.
The K values of 99 lines are plotted against χ ion − χ low (minor population species) or χ low (major population species) in figure 9, where we can confirm these characteristics. Accordingly, for example, if we are to find lines of stronger T -sensitivity (i.e., larger |K|), (i) weaker lines of (ii) larger χ ion − χ low (minor population) or χ low (major population) should be preferred. However, since weak lines severely suffer from the effect of random noises and unsuitable as shown in subsection 6.1, choosing line of moderate strengths (e.g., several tens of mÅ) would be a practically reasonable choice for examining the effect of T .
We selected 8 lines of W ∼ 25-50 mÅ with various K values ranging from −11.8 to +6.6, and plotted their log W values derived from each of the available spectra against the corresponding log T eff in figure 10. We can see from this figure that the observed log W vs. log T eff trends of these lines of different T -sensitivity are almost consistent with those expected from the K values (i.e., positive/negative gradient for positive/negative K). This fact implies that the spectrum variability is mainly determined by the mean surface temperature averaged over the stellar disk showing structural inhomogeneities.
Line-broadening width
We then turn our attention to v M (macrobroadening width), in which various broadening components are involved, such as instrumental broadening (v ip ), macroturbulence (v mt ) and rotational broadening (v rt ) as mentioned in footnote 5. Figure 8c indicates that v M does not exhibit any clear dependence upon line strengths but distributes in the range of 0.6 < ∼ log v M < ∼ 0.7. Is this dispersion real?
Here, it is meaningful to check whether any effect of magnetic field can be observed in this parameter, because the effect of Zeeman broadening can also be formally included such as like "line-dependent macroturbulence." Interestingly, we recognize in figure 8d some sign of pos-[Vol. , itive correlation between log v M and g L eff (effective Landé factor), which appears comparatively more manifest for lines of medium-large strengths. Moreover, figure 8b reveals that a similar correlation is observed in σ log W of stronger lines; i.e., standard deviation of log W tends to progressively increase with g L eff for lines of W > ∼ 100 mÅ, indicating that such saturated lines suffer magnetic intensification. According to these consequences, we can state that the widths and strengths of spectral lines in ξ Boo A are possibly affected by the existence of magnetic field (to line-by-line different extents depending the individual Zeeman sensitivity and line strengths).
In this respect, it is worth to mention that Morgenthaler et al. (2012) reported a significant long-term variation in the width of the Zeeman-sensitive (g L eff = 2.5) Fe i line at 8468.4Å, which is fairly well correlated with the change of Ca ii index. Their figure 7 (lower panel) suggests (though the scatter is large) that the width of this line showed a decreasing tendency from late 2008 (through mid-2009) to early 2010, but then turned to exhibit an increasing trend toward mid-2010. An inspection of our figure 7e indicates that an appreciable change in support of their observation can be detected in the width of this line (e.g., systematic decrease from the end of 2009 (around HJD 2455200) to early 2010 (around HJD 2455300). Unfortunately, since the near-IR data are lacking in the perid of HJD 2455000-2455200, it is hardly possible to discuss its variation in detail based on our data alone. In any event, such a longterm variability in the width of this Fe i line implies that magnetic areas exist on the surface of ξ Boo A and their condition undergoes changes with time due to variations of stellar activity.
Finally, v e sin i (projected equatorial rotational velocity) can be estimated from v M . Since we see log v M ≃ 0.6 at g L eff → 0 (cf. figure 8d ), we may regard v M ≃ 4.0 km s −1 at the non-magnetic case. Let us recall that v M is expressed as root-sum-square of v ip (instrumental broadening), v mt (macroturbulence broadening), and v rt (rotational broadening), as described in footnote 5. Considering that v ip ≃ (3 × 10 5 /70000)/(2 √ ln 2) ≃ 2.6 km s −1 and v mt = 1.5 km s −1 for T eff ≃ 5500 K by using equation (A3) of Takeda and UeNo (2017), we have v rt = √ 4.0 2 − 2.6 2 − 1.5 2 = 2.6 km s −1 . Adopting the conversion relation of v e sini = v rt /0.94 (cf. footnote 12 in Takeda et al. 2008), we finally obtain v e sini = 2.8 km s −1 for ξ Boo A. 6 This value is in remarkable agreement with 2.9 km s −1 derived by Gray (1984) , while somewhat smaller than 4.6(±0.4) km s −1 compiled by Marsden et al. (2014) .
Comparison with Toner and Gray (1988)
As mentioned in section 1, it was one of our motivations to confirm the results of Toner and Gray (1988) , who concluded by careful analysis of spectral line profiles (1) the 6 As seen from the large scatter of log v M vs. g L eff relation (figure 8d) , we assume that the adopted log v M = 0.6 dex (in the limit of g L eff → 0) may involve an uncertainty on the order of ∼ ±0.05 dex. This corresponds to an error of ∼ ± 0.8-0.9 km s −1 in the resulting ve sin i of 2.8 km s −1 .
existence of a large patch and (2) the rotational modulation period of 6.43 d. We realized, however, that it is hardly possible to study asymmetries of line profiles (i.e., bisector analysis) such as done by Toner and Gray (1988) , presumably because our observational data (R ∼ 70000; typical S/N ∼ 100-200) are of considerably lower quality compared to theirs (R ∼ 86000; typical S/N ∼ 300-600; cf. their table 1). Yet, their result that line profile asymmetry varies in the velocity span of ∼ 100 m s −1 (cf. their figure 6 ) may be regarded as consistent with the variability range of differential radial velocities (∼ 100 m s −1 ; cf. figure 5a ).
Since our line-strength measurements should be comparatively more reliable, we here focus on the equivalent width ratio of Fe ii 6247.56 and V i 6251.83 lines, for which Toner and Gray (1988) detected cyclic variations (∼ 10%) with a 6.4 d period (cf. their figure 3 ) similar to the behavior of profile asymmetry. This line pair is an ideal indicator of T eff variation, because these two lines show large T -sensitivities of opposite sense (i.e., K = +3.41 for Fe ii 6247.56 and K = −11.79 for V i 6251.83). Actually, W (V i) and W (Fe ii) are anticorrelated (figure 11a), and the W (V i)/W (Fe ii) ratio shows a decreasing tendency with an increase in T eff ( figure 11c ). We carried out a power spectrum analysis on the dataset of W (V i)/W (Fe ii) during the period of HJD 2454810-2455010 7 (end-2008 through mid-2009; see the range indicated by dashed line in figure 11b or figure 11d ) to see whether any cyclic pattern is contained therein. The Fortran subroutine PERIOD.FOR (for computing power spectrum of unevenly sampled data; cf. Press et al. 1992) was used for this purpose.
The resulting power spectrum for W (V i)/W (Fe ii) is depicted by blue line in figure 11e , where those calculated for T eff (subsection 3.1) and ∆T eff (subsection 3.2) are also shown in red and pink lines, respectively. As clearly seen from this figure, we can not detect any such strong single peak corresponding to 6.43 d period as reported by Toner and Gray (1988;  cf. their figure 2) based on their 1986 observations. What we can barely recognize in figure 11e is several rather weak peaks, among which notable ones commonly observable for W (V i)/W (Fe ii), T eff , and ∆T eff are those at the periods of ∼ 6.1 d and ∼ 7.4 d.
The natural interpretation for the cause of this discrepancy would be that the surface features of ξ Boo A at the time of their observations in 1986 were considerably different from our case (observed mostly in early-to-mid 2009). The lack of strong peak in our data may suggest that star spots (or faculae) are widely disassembled over the stellar surface, rather than a large star patch located at high latitude concluded by Toner and Gray (1988) . The fact that weak multi-peaks are observed in figure 11e may also be explained by this picture, since rotation of ξ Boo A is expected to be strongly differential according to Morgenthaler et al. (2012) . In short, activity-related 7
The reason why we restricted ourselves to the data in this time span is that the sample data should be not only wealthy but also uniform and of wide-coverage (with respect to time) in order to make power spectrum analysis successful.
inhomogeneities on the surface of ξ Boo A would have been rather complex and dispersed at the time of our observations.
Summary and conclusion
As the solar-type star ξ Boo A is known to be chromospherically active, it is expected to show appreciable spectral variations caused by rotation-modulated surface inhomogeneities or long-term changes of magnetic activity. However, ever since Toner and Gray (1988) detected significant variabilities in line strengths as well as profile asymmetries and concluded the existence of a large star patch on the surface of this star, similar studies targeting individual spectral lines have scarcely been published over these 30 years, despite that several investigators have made progress in clarifying the nature of magnetic fields based on modern polarimetric observations. Motivated by this situation, we decided to carry out a spectroscopic study of ξ Boo A based on the available 71 time-series high-dispersion spectra obtained at Gunma Astronomical Observatory and Okayama Astrophysical Observatory in 2008 December though 2010 May. Our aims were (1) to detect any variability in spectroscopically determined parameters as well as measurable quantities (strengths or widths) of many spectral lines, and (2) to understand the physical cause of such variation.
We first checked the features of spectral lines (He i 5876 absorption, core emission of Ca ii 8542/3934) which are known to be especially sensitive to chromospheric activity. These indicators were confirmed to be manifestly strong as compared to the Sun (indicating higher activity). However, we could not recognize any clear time variability in them.
The equivalent widths of many Fe lines in the 5030-6800Å region were measured for each spectrum by applying the conventional Gaussian fitting method. Based on these data, the atmospheric parameters (T eff , log g, v t , and [Fe/H]) were spectroscopically determined as done by Takeda et al. (2005) (absolute values) and Takeda (2005) (differential values), which revealed that T eff (mean temperature averaged over the disk) fluctuates by ∼ ± 30-40 K.
Since spectra with imprinted I 2 molecular lines (usable for precise wavelength calibration) were also obtained in the intensive observations in 2010 late April and early May at OAO, we made use of them to examine radial velocity variations over this time span of ∼ 1 week. The resulting differential radial velocities show a dispersion of ∼ ±50 m s −1 around the mean with some systematic trend (i.e., a broad dip), though they do not appear to definitely correlate with the change of T eff .
By applying the efficient method (Takeda & UeNo 2019), which fits the observed line profile with the parameterized model profile, line-broadening widths (v M ) and the equivalent widths (W ) of 99 high-quality lines selected from the orange region (6000-6260Å) and near-IR region (7560-8920Å) were measured.
Regarding equivalent widths, while the changes are dif-ficult to distinguish from random noises for weak lines, we could detect meaningful fluctuations for moderatestrength lines. Plotting the log W values of representative lines (with W of several tens mÅ) showing different Tsensitivities against log T eff , we could confirm that log W and log T eff well correlate with each other in just the expected manner (i.e., positive/negative correlation for major/minor population species). This means that a change in the mean temperature averaged over the disk (of inhomogeneous surface structure) is mainly responsible for the line-strength variation. As to v M , this line-broadening width parameter was found to show an increasing trend with g L eff (effective Landé factor) for lines of moderate or large strengths. We also note that σ log W (standard deviation of log W ) also tends to grow with g L eff for strong saturated lines, which implies the existence of magnetic intensification. These observational facts suggest that the spectrum (and its variability) of ξ Boo A is appreciably influenced by magnetic fields, depending on the Zeeman sensitivity of each line.
For the purpose of confirming Toner and Gray's (1988) conclusion, we paid our attention to the equivalent width ratio of Fe ii 6247.56 and V i 6251.83 lines as they did. However, our power spectrum analysis applied to this W (V i)/W (Fe ii) ratio (as well as to T eff and ∆T eff ) could not detect any strong peak at the period of 6.4 d such as that found by Toner and Gray (1988) based on their 1986 observations, though several peaks were weakly recognized (e.g., at ∼ 6.1 d and ∼ 7.4 d). This may imply that surface inhomogeneities of ξ Boo A at the time of our observations (mainly in 2009) were not so much simple (like a large star patch) as rather complex (e.g., intricate aggregate of spots and faculae).
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